stated that this is an aspect largely disregarded as a potentially determining factor of the access flow. Therefore, this study was set up to study in detail the uncoupled effect of the anastomosis angle and anastomosis size in the setting of AVF. With computational fluid dynamics (CFD), the pressure drop and flow distribution curves were calculated and streamline patterns were studied (3, 4) in order to have an in-depth insight into the access flow and the flow field at the anastomosis.
The efficiency of hemodialysis treatment for end-stage renal disease patients is to a great extent dependent on the quality of the vascular access. In general, the most appropriate way of establishing a vascular access is by creating an arteriovenous fistula (AVF) as first described by Brescia et al in 1966 (1) or a modification to this approach. However, as the construction of this autologous connection between the arterial and venous network is still the underlying cause of many clinical complications, optimization of the vascular access is the subject of many ongoing and finished studies as described by Cimino (2) .
Currently, most clinicians start from the idea of an AVF as a six segment circuit consisting of the proximal artery (1), the distal artery (2), arterial collaterals (3), the proximal vein (4), the distal vein (5) and venous collaterals (6) . However, to have a complete hemodynamic description of the AVF, it is important to insert at least a seventh segment in the flow path, the anastomosis itself. Figure 1 schematically illustrates the seven segment approach.
Given the virtually total absence of studies addressing the geometry of the anastomosis in the setting of an AVF, it can be software Gambit 2.2 (Ansys Inc, Canonsburg, PA, USA) via the IGES (Initial Graphics Exchange Specification) data format. The mass and momentum conservation equations are discretized and solved in the CFD package Fluent 6.3 (Ansys Inc, Canonsburg, PA, USA) after prescribing all boundary conditions. In the CFD model, the blood flow is treated as 3-D, non-pulsatile, laminar, Newtonian (dynamic viscosity of 3.5 mPa.s representing a hematocrit of around 40% (6)) and incompressible (7) . The post processing of the CFD results was executed using Tecplot 360 (Tecplot Inc, Bellevue, WA, USA). Regression analysis, fitting a quadratic relation to the data, was used to assess the pressure drop results. Goodness of fit was expressed by the R² value. Analysis was done using SigmaPlot 10.0 (Systat Software Inc, San Jose, CA, USA).
Our study addressed two issues: the impact on hemodynamics of the size and the angle of the anastomosis.
Substudy 1: impact of anastomosis size on hemodynamics
The reference geometry for this first substudy, serving as a point of comparison for all results, was an anastomosis characterized by A=30°, L=6 mm, W=4 mm and CSA=18.8 mm², with 900 ml/min inflow at the arterial inlet (Qai) and with a flow distribution of 8% and 92% towards the arterial outlet (Qao) and venous outlet (Qvo), respectively (see also Fig. 2 ). The anastomosis size varied using geometries (L x W) of 8 x 2, 6 x 3, 8 x 3, 6 x 4 and 10 x 3 (L and W in mm), resulting in a cross-sectional area (CSA) of 12.6 mm², 14.1 mm², 18.8 mm², 18.8 mm² and 23.6 mm², respectively.
We first calculated the flow field and pressure drop over the anastomosis for five different anastomosis geometries, imposing five different flow rates (600, 750, 900, 1050 and 1200 ml/min) but maintaining a fixed flow distribution of 8% arterial vs. 92% venous outflow. The pressure drop over the anastomosis was calculated from the area-averaging static pressure at 25 mm from the anastomosis in the proximal artery and proximal vein.
Secondly, we ran an additional series of computer simulations to determine whether the anastomosis size also affects the flow distribution. To do so, the inlet and outlet pressures of the artery (Pai, Pao) and outlet pressure of the vein (Pvo) in the reference cases were considered as general conditions.
Substudy 2: impact of anastomosis angle on hemodynamics
Reference for this substudy is an anastomosis characterized by A=53°, L=6 mm, W=4 mm, CSA=18.8 mm², Fig. 1 (6) and arteriovenous anastomosis (7) . with 900 ml/min inflow at the arterial inlet (Qai) and with a flow distribution of 8% and 92% towards the arterial (Qao) and venous outlet (Qvo), respectively. The anastomosis angle was varied over 27°, 34°, 45°, 53°, 63°, 76° and 90°, a clinically relevant range (8) . Again, simulations were first done imposing different flow rates (with a constant flow distribution) while studying the pressure drop over the anastomosis for the different angles, followed by simulations with fixed pressure boundary conditions and studying the effect of the angle on the flow distribution towards arterial and venous outlet. Figure 3a shows the pressure drop over the anastomosis for a fistula flow range of 600 to 1200 ml/min for different anastomosis sizes, but a fixed anastomosis angle of 30°. As anticipated, the pressure drop decreases with increasing anastomosis cross-sectional area. For the smallest anastomosis size (L=8 mm, W=2 mm, CSA=12.57 mm²), the pressure drop varies from 8.1 (Qai 600 ml/min) to 30 mmHg (Qai 1200 ml/min), while for the largest case CSA (L=10 mm, W=3 mm, CSA=23.6 mm²) the pressured drop starts from 5 mmHg (Qai 600 ml/min) to rise up to 18.6 mmHg (Qai 1200 ml/min). The case of L=8 mm and W=3 mm is almost similar to the case of L=6 mm and W=4 mm. This is due to the fact that both cases have the same cross-sectional area (CSA=18.8 mm²). Figure 4a shows the effect of anastomosis size on the flow distribution for fixed pressure boundary conditions. For increasing anastomosis size, the arterial inflow increases finally to stabilize from a CSA of 20mm² on. Furthermore, it is also clear from Figure  4a that flow distribution is shifted towards the venous outflow when the anastomosis size increases. For a CSA of 12.6 mm 2 , the flow distribution towards the arterial and venous outlet is 22% and 78%, respectively, while these numbers shift to 5% and 95% for CSA=23.6 mm². Figure 3a , and for a fixed anastomosis size of 6 mm x 4 mm (CSA=18.9 mm²). The pressure drop slightly increases for increasing anastomosis angle from 26° over 33° to stabilize at 45°. For anastomosis angle from 45° up to 90°, the pressure drop decreases significantly. The maximal difference in pressure drop among cases of different anastomosis angle at 1200 ml/min is 12.8 mmHg, which is in the same range as in the parameter study for the anastomosis size of Figure 3a (11.4 mmHg) . Among the studied geometries, the maximal pressure drop, as obtained for the 45° anastomosis (24.1 mmHg) is significantly lower than the one obtained in the first parameter study for the smallest CSA of 12.6mm² (30 mmHg).
results

Substudy 1: impact of anastomosis size
It can be seen in Figure 4b that venous outflow reaches a minimum around 43° anastomosis angle, while it is continually increasing for larger angles. Even for an anastomosis angle of 58°, the venous outflow exceeds the proximal arterial inflow, and with it, the flow in the distal artery changes direction.
discussion
Although several in vitro and computational studies (3, 4) have already investigated the flow in AVF, none of them have focused, to our knowledge, on the hemodynamic impact of the geometry of the anastomosis. Therefore, this study was set up to assess the importance of the AVF anastomosis geometry by calculations of flow distribution and pressure drop at the anastomosis site.
The six segment approach (not taking into account the anastomosis) is reported in detail in literature overviews, describing AVF complications and solutions (9, 10) . When, for example, an ischemic case is presented (where blood flow towards the hand is too low because of a too high AVF flow), suggested solutions are distal revascularisation-interval ligation (DRIL ) (11, 12) , proximalization of the arterial inflow (PAI) (13) or revision using distal inflow (RUDI ) (14) to create a longer flow pathway, in addition to banding (the narrowing of the initial draining vein) (15) (16) (17) and even creating an artificial stenosis in the draining vein (18) . Those are different solutions, aiming to increase the AVF flow resistance, and with it, to decrease access flow and/or increase pressure in the distal artery.
In this study, we focused on the 7th segment, the anastomosis itself, as a very important factor in the AVF hemodynamics. In this approach, there is a clear distinction between the pre-(six element) and the post-operative (seven element) system. Before AVF creation, the main pressure drop between the high proximal artery pressure and the low proximal vein pressure is situated in the distal microcirculation and capillary bed. After creation of an AVF as vascular access, the high pressure in the proximal artery is maintained by the sympathetic reflex which increases the cardiac output and the enlargement of the feeding vessels.
On the other hand, the low pressure in the proximal vein is maintained by the enlargement of the draining veins. However, the main pressure drop is now, in the ideal case, situated over the anastomosis. In this case, a high arterial pressure and a low venous pressure are maintained.
A chronically large anastomosis size causes a small anastomosis resistance. This small resistance will probably result in a high flow in the vascular access and the "main" pressure drop will now be divided over the anastomosis and a narrowing of the vascular system. This high flow can trigger ischemia. The model of Barnes et al indicated that ischemia is avoided when the ratio of the resistances of the anastomosis vs. The proximal artery is smaller than the ratio of the resistances of the distal bed vs. the arterial collaterals (19) . In the opposite situation, the possibility of flow reversal and ischemia is significant. Some authors suggest, as an ideal solution for these high flow cases, the closure of the large anastomosis and the creation of an anastomosis with a more appropriate size (19, 20) . But, on the contrary, in in vivo studies where analogous boundary conditions are meant to be created, anastomosis length (length of surgical incision) variations of 25% are permitted (21) and the hemodynamic impact of the anastomosis size seems neglected. This study shows that this change in anastomosis size has a significant and underestimated impact on blood flow and local pressures.
In addition to the size of the anastomosis, a second parameter determining anastomosis resistance is the angle of the anastomosis, as it will significantly determine the local velocity field and hemodynamics, and hence the energy dissipation (pressure drop) over the anastomosis. In the literature, the impact of the angle of an anastomosis has been studied in numerical, in vitro and in vivo studies in the domain of distal leg artery bypasses (22) , human aorta bypasses (23) and pig aorta bypasses (24) , but not in the context of AVF. Although the study of Chua et al used the configuration similar to the side-to-end AVF, the applied geometry had a very small graftto-artery diameter ratio of 0.3 (23) .
Because of the lack of studies dealing with the anastomosis resistance, this study focused on the anastomosis size and anastomosis angle. It can be observed from our results that the pressure drop rises quadratically with increasing flow rate (all curves with R²-values above 0.99) and that, as expected, the pressure drop decreases with increasing anastomosis size. The quadratic term superimposed on the linear term (as observed in Hagen-Poiseuille flow) in the pressure drop curves is due to the secondary flow at the anastomosis site. This secondary flow can be seen in Figure 5 (a-c) . The large vortices appear most for 27° and 45° (Figs. 5a, b) , and are smaller in the case of 90° (Fig. 5c ). In the case of 90°, it is clear from Figure  5c that at the inner wall, a low flow zone appears. This can also be seen as a low wall shear stress (WSS) zone in Figure 5f , which may lead to a region with increasing intimal hyperplasia and stenosis formation. Figure 5c and d shows a WSS distribution with higher peak values and less significant low value zone.
The reverse flow in the distal artery, as present in the cases exceeding 58° of the anastomosis angle, can lead to distal hypoperfusion syndrome (25, 26) and results in ischemia (27, 28) .
As a limitation of this study, it can be highlighted that the geometries and boundary conditions used are a simplification of the complex cardio-vascular human anatomy and physiology. For example, the study of the cardiac adaptation (with the heart as the eighth component of the circuit) was neglected. The model represents an ideal anastomosis without taking into consideration parameters such as athero-and arteriosclerosis and intimal hyperplasia formation, loss of wall distensibility, elasticity of the venous wall, endothelial dysfunction, AVF maturation and repeated cannulation. But on the other hand, the idealized model allowed us to study the separated local hemodynamic impact of the anastomosis angle and size, hereby uncoupling anastomosis size and angle from each other and from other anatomic and physiologic factors. This is, obviously, different from clinical reality where the anastomosis angle and size are not totally independent and a compromise of what is achievable in a given patient with a given arterial and venous territory.
The non-parametric models and relative basic CFD calculations used can be seen as a limitation, but do not change the overall message and conclusion of this study. Numerical values shown in Figures 3 and 4 cannot be seen as absolute values, but more as indicative values to show the global trend of pressure drop and flow distribution variation in changing anastomosis dimensions. CFD is a well-established technique and it can be noted that the in vitro validation of CFD modeling has already been done in many other cases, among others in the field of vascular accesses (29, 30) . Furthermore, it can be remarked that the anastomoses were oval shaped, due to minimal computational geometric and calculation errors. The side-artery-to-end-vein configuration was chosen in this study in favor of the side-to-side alternative, because the choice of anastomosis size and angle is more pertinent in the creation of this AVF (31) .
Finding an optimal anastomotic length for a fistula, usable for all patients, is unrealistic due to the varying, patient-specific anatomic and physiologic conditions. As a general idea it should always be kept in mind that the main pressure drop in the arteriovenous circuit should be over the anastomosis to avoid high pressure in the venous system and distal ischemia problems. A too small anastomosis on the other hand will have a tendency to nonmaturation or poor flow during dialysis session.
From our clinical practice, the best anastomosis length at the wrist or forearm is probably 7 mm for small vessels. Evolving towards an elliptic shape after maturation and therefore taking 3 to 4 mm in width, an anastomosis size of 16.5 to 22 mm² can be found. These sizes are comparable with the results of lower pressure drop and higher venous outflow as seen in Figures 3a and 4a . The angle is, in most cases, easy to achieve with 30° to 45°, depending on the anatomy. The aim of producing an angle of about 135° is demanding more vein length and was therefore also taken out of the computational study. For vessels already dilated, and especially for arteries, with a diameter more than 5 mm, the length is best at about 5 to 6 mm. These result in an anastomosis size between 11.8 to 18.5 mm² (for 3 or 4 mm in width). This can be found in the higher pressure drop values in Figure 3a . In our clinical experience, a longer anastomosis will cause too much flow in these cases.
At the elbow, the reasoning mentioned for dilated, big arteries can be used. So anastomosis lengths from 5 or 6 mm are the most appropriate choice. The angle to choose depends on the anatomy, and should vary from 25° to 90°. For very big vessels at the elbow, the length ought to be 4 mm to avoid distal ischemia and the evolution toward a very high flow fistula. Finally, one should keep in mind that the initial size of the anastomosis and the vessels might change during maturation.
conclusion
While the hemodynamic impact of the anastomosis size and angle of an AVF is, in many studies and daily practice, largely underestimated, we have shown in this computer analysis that the flow distribution and pressure drop change significantly with anastomosis size and angle. The results prove that the AV anastomosis should be considered as an important and full component of the total AVF flow circuit. In particular, it is shown, for example, that a change of 2 mm in anastomosis length can increase the pressure drop by more than 30%. Therefore, in the surgical creation of an AVF as vascular access, the anastomosis geometry should be chosen with care while keeping in mind the impact of the geometry on pressure drop and flow distribution, both during creation of a fistula as during complication solving interventions.
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